Abstract. Over the last three decades, several despeckling filters have been developed to reduce the speckle noise inherently present in ultrasound images without losing the diagnostic information. In this paper, a new intensity and feature preservation evaluation metric for full speckle reduction evaluation is proposed based contrast and feature similarities. A comparison of the despeckling methods is done, using quality metrics and visual interpretation of images profiles to evaluate their performance and show the benefits each one can contribute to noise reduction and feature preservation. To test the methods, noise-free images and simulated B-mode ultrasound images are used. This way, the despeckling techniques can be compared using numeric metrics, taking the noise-free image as a reference. In this study, a total of seventeen different speckle reduction algorithms have been documented based on adaptive filtering, diffusion filtering and wavelet filtering, with sixteen qualitative metrics estimation.
Introduction
Medical ultrasound imaging is a technique that has become more widespread than other medical imaging techniques since this technique is more accessible, less expensive, non-invasive and non-ionizing, simpler to use and produces images in real-time. However, B-mode ultrasound images are usually corrupted by the speckle artifact, which introduces fictitious structures that can not be removed by the imaging system [11, 14] . Speckle noise is defined as multiplicative noise with a granular pattern formed due to coherent processing of backscattered signals from multiple distributed targets. Speckle degrades the quality of ultrasound images, and thus affects diagnosis. Thus, speckle reduction has become an important task in many applications with ultrasound imaging [13] .
Removing noise from the original image is still a challenging research in image processing and many studies have been conducted to develop specific methods dedicated to despeckling ultrasound images [4, 13, 14] . With the rapid proliferation of despeckling filters, denoise evaluation has been becoming an important issue. A great deal of effort has been made in recent years to develop objective image quality metrics that correlate with perceived quality measurement [16, 17] . Test data for evaluation includes clinical and phantom images, as well as simulated ultrasound which allow evaluation of filtering relative to an ideal speckle free reference. However, objective evaluation of noise reduction on ultrasound images is a challenging task due to the relatively low image quality.
In this study, filtered images were evaluated using several quality evaluation metrics such as average difference (AD), coefficient of correlation (CoC), gradient similarity measure (GSM), Laplacian mean square error (LMSE), maximum difference (MD), mean structural similarity index (MSSIM), the multiscale extension of MSSIM (M3SIM), normalized absolute error (NAE), normalized cross-correlation (NK), peak signal to noise ratio (PSNR), quality index based on local variance (QILV), root mean square error (RMSE), signal to noise ratio (SNR), structural content (SC) and universal quality index (UQI). All these metrics are self explanatory and hence a separate explanation for each metrics is not included due to page limitation. We also propose a new evaluation metric, the Speckle Reduction Evaluation Measure (SREM), presented in Sect 3.
The remainder of this paper is organized as follows: Sect. 2, describes the used despeckling filters. The proposed evaluation metric is explained in Sect. 3. In Sect. 4, we present the results and the discussion of the findings. Finally, conclusions are drawn in Sect. 5.
Speckle Filtering Techniques
Speckle noise reduction has been extensively studied and many denoising algorithms have been proposed. They are classified into three groups: (i) techniques that are applied directly in the original image, (ii) techniques based on anisotropic diffusion and (iii) techniques that are applied in the wavelet domain.
Adaptive filters take a moving filter window and estimate the statistical characteristics of the image inside the filter region, such as the local mean and the local variance. Spatial adaptive filters like median, Lee [10], Frost [5] and Kuan [9] filters assume that the speckle noise is essentially a multiplicative noise. Wiener filter [7] performs smoothing of the image based on the computation of local image variance. Ideal Fourier and Butterworth filtering performs image enhancement by applying the filter function and inverse FFT on the image [11] . Bilateral filtering technique is a combination of a spatial and range filter, where each output pixel value is a Gaussian weighted average of its neighbours in both space and intensity range. This nonlinear combination of nearby pixel values, gives the well-known good performance of this filter in smoothing while preserving edges. Coup et al. [2] proposed the nonlocal means (NL-means) filter which is based on estimating each pixel intensity from the information provided from the entire image and hence it exploits the redundancy caused due to the presence of similar patterns and features in the image.
Diffusion filters remove noise from an image by modifying the image via solving a partial differential equation. Speckle reducing filters based on anisotropic
